The start of the chemical reaction between cement and water is the moment that concrete starts to develop its properties. More precisely, it is the paste that starts to generate a loadbearing microstructure that exhibits a certain number of mechanical properties. One of the properties generated during hardening is the so-called hardening shrinkage. Quite often, this property is measured from hardening concrete by linear measurements and related to the paste deformation by using mathematical models. The opposite way, by measuring the paste deformation and relate it to the deformation of concrete is another possibility that can be applied. In the paper, a new apparatus called "mini-TSTM" (Thermal Stress Testing Machine) for measuring the hardening shrinkage of paste will be presented and discussed [1] . The device has been developed to measure the hardening deformations directly from the paste. It provides more insight in the contracting forces that act on the paste located in between the aggregates. The mini-TSTM is scaled down from the "full-scale" TSTM machine which is commonly used for measuring the thermal stresses of hardening concrete elements. With the mini-TSTM, the contraction forces can be measured (load controlled) as well as the deformations (deformation controlled) which are mobilized by a paste during hardening. The mini-TSTM is a tool that fits into the moisture controlled specimen chamber of the ESEM 1 with enables the opportunity to sample the paste deformations during hardening as well.
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The paper provides the test results and numerical simulations of the shrinkage deformations and stresses for four different cements, measured from a hardening paste with the mini-TSTM. Three similar Blast furnace slag cements are tested which were produced by different mills, and one Portland cement is used as reference cement. Results are compared with measurements from the full-scale TSTM. The results show significant differences between shrinkage measurements from both instruments. The results provide a clear picture of the main effects that play a role when relating shrinkage deformations from paste to concrete or visa versa. INTRODUCTION Measuring the paste deformations at early ages is an issue that might contribute to examine early age cracking of hardening concrete. Due to the growing importance of the durability design of concrete structures, the relevance of this cracking phenomenon is still increasing. Early age cracking is induced by both temperature development due to hydration and by autogenous deformation. Computer programs are available that are able to calculate the stresses caused by temperature development only. Autogenous deformations are not always taken into account in these computer programs. However, in order to achieve accurate results, autogenous deformations should be taken into account as well. In general, there is limited data available to verify the results of these programs and to make the effect of autogenous deformation on early age cracking explicitly. This especially holds for blast furnace slag cement, which is frequently used in the Netherlands. In order to be able to conduct more accurate predictions on early age cracking and to avoid unnecessary degradation of a structure, more knowledge is needed about autogenous deformation.
Besides the research on autogenous deformations of concrete in general, there is the ambition to model this particular concrete behavior explicitly. If the autogenous behavior of concrete can be calculated from the autogenous behavior of its constituents (paste) directly, it relates the response of the concrete system directly to the source where the deformations originates from. In order to be able to develop a concrete model that is based on its constituents, more knowledge is needed about the material behavior of these constituents. In this research, the focus is on the shrinkage behavior of hardening concrete with emphasis on the hardening properties of the cement paste, which is considered to be most relevance in this respect. Information about the cement paste behavior is used as input data for numerical simulations of concrete [2] . The output has will be verified with data from actual concrete tests.
One of the objectives of this research is to determine the autogenous deformation of Blast furnace slag cements with different finenesses. Previous research has proven that the specific surface of cement is an important parameter with respect to autogenous deformations [3] . Besides this, the stress generation associating with these deformations turned out to be significant as well. In order to investigate these issues, tests are performed on similar types of cements, produced by different mills and exhibiting different specific surfaces, viz. Blaine values. The paste deformations were measured with a newly developed mini-TSTM apparatus and compared with the full-scale TSTM results. Numerical simulations with the Lattice model [2] also show the contribution of autogenous shrinkage in the early age stress development. In this paper an attempt is made to measure the deformations for both cement paste and concrete and to examine the differences by means of numerical simulations.
MATERIALS AND SPECIFICATIONS
For the testing program considered within the scope of this research project, four different types of cement have been selected. Emphasis is on three similar Blast furnace slag cements, which were produced by difference cement mills. These Blast furnace slag cements, i.e. CEM II/B 42.5, produced by the different mills turned out to have a large variation in their fineness (Blaine values). Two cements were selected from the same production location (ENCI IJmuiden, The Netherlands), where one of these has been grinded finer than the other. The third cement has a very low Blaine value and is from a production location in Italy. From these cements in can be observed that the Blast furnace slag cements, although they possess the same identification, show significant variation in their fineness. The Blaine value of the Tirrento cement (Italy) is almost 20% lower than the same Blast furnace cement achieved from a production location in IJmuiden in The Netherlands. The particle size distributions of the cements have been measured as well and are presented in Figure 1 . 
TESTING PROGRAM
Tests are conducted in order to investigate the effect of the cement finenesses on the autogenous deformation of hardening paste for different water-cement ratios and measured with the mini-TSTM apparatus. For these experiments, a commonly used water-cement ratio for normal concrete is adopted, viz. 0.44, and the results are compared with the "lowest possible" water-cement ratio possible, without using super-plasticizers, viz. 0.35. For these tests, only the Blast furnace slag cement with the highest Blaine value (580 m 2 /kg) has been tested. With the mini-TSTM apparatus, it is possible to select either fixed boundary conditions or a free deforming conditions. The first condition provides the opportunity to measure the strain development during hardening of the paste and the second boundary condition is enabling the measurement of the hardening stresses. Therefore, for this research, the following boundary conditions have been imposed to the hardening paste:
Restrained deformations (x = 0); Free deformations (σ = 0).
During measuring the autogenous paste deformation, the top side of the paste specimen was covered by an aluminum foil in order to prevent drying (shrinkage). Excluding the effect of drying shrinkage, makes the measurement of autogenous shrinkage from the hardening paste more accurate. The tests are conducted in a temperature controlled room at 24°C.
TEST SETUP
The starting point for the design of the mini-TSTM test setup for measuring autogenous deformations of hardening paste has been the mini tensile test setup that was already available at the Microlab (see Figure 2 ). It is a very small apparatus of which the total dimensions are smaller then half the size of an A4 page. A special feature of this particular tensile test setup is that it is designed to fit inside the ESEM climate chamber. This enables the opportunity to sample the actual deformations of the microstructure while conducting the test.
One of the important objectives for the design of the mini-TSTM was the ability to measure the deformation as well as the stress development directly from the hardening cement paste, while under restrained conditions. To satisfy this objective, the "global" design of the full-scale TSTM set-up has been scaled down to comply with the scale of the mini tensile test setup. In order to achieve this, the concept had to be scaled down 20 times. This reduced the cross section of the dovetailed specimen from 150×150 mm to 7.5 × 7.5 mm and the length of the test specimen has become 70 mm. Similar to the full-scale TSTM, the dovetailed outer ends of the specimen are required as well, in order to be able handle the specimen while subjected to tension. This asked for a specially designed mould that should fit within the space available inside the tensile setup. An overview of the mini-TSTM (left) as well as the "casting" procedure (right), can be seen in Figure 2 . 
RESULTS: PASTE MEASUREMENTS
The test results, representing the free deformation of the hardening paste, measured with the mini-TSTM are presented in Figure 3 . The accompanying stresses are provided in Figure  4 . The tests are conducted on the four different types of cements as discussed before, and with a w/c-ratio of 0.35. The temperature turned out to range between 20 and 23˚C.
International From Figure 3 , it can be seen that CEM I shows the largest deformation and, even more important, shows the highest rate of the development of the deformations. This was to be expected since the hydration proceeds faster in a fine Portland cement relative to the Blast furnace slag cement. The Portland cement shows a steep drop in the early beginning of the hydration process whereas the Blast furnace slag cement shows a slight tend to swell. The development of shrinkage deformations of all the CEM III/B 42.5 cements proceeds much slower, and all show some expansion, succeeded by shrinkage. This can be expected because of the slower hydration in time. The expansion can be related to the big volume of the early reaction products formed during hydration. However the deformation of CEM III/B (580 m 2 /kg) is substantial, at 40 hours it is more than half of the deformation of Portland cement. It can also be observed that CEM III/B (480 m 2 /kg) behaves roughly the same as CEM III/B (580 m 2 /kg), with the only difference that the development of the deformation is slower. The expansion in the very early stage of hardening is a little bigger and the shrinkage after 50 hours is substantially smaller. When considering these shrinkage results as a function of the degree of hydration, a good agreement between both these results would be very likely. The behavior of CEM III/B (380 m 2 /kg) does not correspond well with the results of the other two blast furnace slag cements. It is very likely that this is due to the fact that this cement is from a different production location in Italy and that this cement exhibits very different material characteristics.
From Figure 4 , it can be seen that the Portland cement CEM I cracks after 30 hours of hardening. This is in good agreement with literature results [3] [4] [5] . Although the specimens made of Blast furnace slag cements build up a substantial level of tensile stresses, they turned out not to crack with the deformations fully restrained. In comparison with the Portland cement specimen, the inclination of the stress development for the blast furnace slag cements is much slower, which can indicate a more moderate acceleration of the hydration process. The level of the stresses also suggests an influence of the stress relaxation. This has also been suggested before, by Lokhorst [6] . An influence of the stress relaxation in combination with the higher strength of the specimen al later ages might be the reason that the specimens made of blast furnace slag did not crack.
RESULTS: PASTE VERSUS CONCRETE
In order to compare the shrinkage deformation measurements and the stress development of the mini-TSTM, one test has been conducted with the full scale TSTM as well. The results provide insight in the relationship between paste and concrete, due to the internal restraint induced by the aggregates inside the concrete. The results for the autogenous shrinkage deformations of concrete are provided in Figure 5 and the associating stress development in Figure 6 . The tests are conducted on a concrete with a water-cement ratio of 0.44 under isothermal conditions at a temperature of 20˚C.
The results from both the mini-TSTM and the full-scale TSTM are compared for a cement type CEM III/B with a Blaine value of 580 m 2 /kg. In Figure 5 , results are provided for two independent ADTM 2 tests, a mini-TSTM testing results and a 10% results of the mini-TSTM test. This latter result has been included in the figure, since in general, it is adopted that the autogenous deformation of concrete is about 10 to 15% of the paste deformation. This figure shows that this approach does not lead to a good comparison between the concrete and paste. The stresses that associate with the autogenous deformation of concrete measured with the TSTM and the autogenous deformation of the paste measured with the mini-TSTM are presented in Figure 6 . The results show a significant difference between both the stress development of the paste and concrete. The results show that at first, both specimens are in compression. After having reached its maximum compressive stress, the stress development of the paste is much more rapidly in comparison with the stresses built-up by the concrete specimen. The different shrinkage behaviour can be attributed to the addition of aggregates to the concrete mixture, which allows for more internal redistribution of the stresses and most likely also for the microcracks that develop while under tension.
SIMULATIONS OF AUTOGENOUS SHRINKAGE
With a Lattice model [2] the deformations measured from the cement paste ( Figure 5 ) are taken as input to simulate the behaviour of concrete. The measured shrinkage of a cement paste with CEMIII/B (580 m 2 /kg) is used with a w/c ratio of 0.44. First a simulation of a concrete sample with free boundaries is performed. The deformed mesh is shown in Figure 7 . The stresses in the mesh are indicated with colours. A red colour means a high stress, a blue colour means a low stress. The high stresses are concentrated around the aggregate particles. The total deformation of the concrete cross-section is plotted versus time in Figure 8 . The deformation is taken as the difference between the left and the right side of the lattice. In this graph the used input from the cement paste and the output of the concrete deformation according to the Lattice model can be observed. The ratio between the paste and the concrete deformation after one week is 66%. The test results from the TSTM test performed on concrete showed a deformation of the concrete of only 8% [1] . One of the important reasons for the differences between the model and the real concrete cast in the TSTM is the amount of cement paste present in the matrix. The amount of paste in the lattice model is about 68%, where as in the used concrete mix this was about 28%. The effect of the relative amount of paste is double. On one hand the paste deforms, so more paste results in more deformation. On the other hand more paste means less aggregates, so there will be less internal restraint. The results from the Lattice model with respect to the stress development in a concrete crosssection can be observed in figure 9. In these simulations periodic boundary conditions are adopted. The stress is calculated over a horizontal cross-section over the middle of the concrete. In the Figure the stresses are calculated for three different relaxation models [1, 2] . For sake comparison, the calculated and measured stresses (with TSTM) are shown together. The drops in the simulated stress curves are due to cracking inside the material. It should be noted that the specimen in the TSTM test did not fail. Only micro-cracks where observed after the test. The relaxation models that were implemented are not tested fully yet. Only a few trials are done. In the simulations performed up to now the concrete specimens always crack. An impression of a cracked specimen is shown at the right-hand side of Figure 9 . It can be seen that cracking occurs in more than one direction. Note that the specimen has periodic boundaries in both directions, while in the TSTM test only restraining was applied in one direction. The fact that through cracking occurs means that probably more relaxation has to be used, especially at very early ages. Also the amount of paste which is larger than in the real concrete can influence the result.
CONCLUSIONS
The results of the research presented in this paper are part of the MSc-thesis of Ms. G. Leegwater [1] . This research was on the development of a tool to measure the autogenous deformations directly from the paste and to compare the results with concrete deformations.
From the tests conducted within the experimental stage of this research project, it can be observed that a higher Blaine value leads to a larger shrinkage and a faster development of the shrinkage after three days of hardening. The test performed for Blast furnace slag cement (Blaine 580 m 2 /kg) showed almost similar autogenous deformations as CEM I. The only difference was a more moderate development of these deformations. Most striking is the observation that the stresses in the Blast furnace slag specimen did not lead to cracking, while the Portland cement paste specimen did crack. A possible reason for this can be a different relaxation behavior of blast furnace slag cement in comparison with the Portland cement.
The results from the computer simulations with periodic boundary conditions show a high stress generation due to the autogenous deformation. This results in very early cracking of the concrete, while the sample from the TSTM doesn't crack. The stress development does show similarities with the TSTM so with a better relaxation model this approach has potential. Besides these effects the computer simulations from both the free and the restrained situations are run with some models assumption which is not verified at this point.
